KB) which is sensitive to redox regulation by IKB degradation (8) . Prx II was also implicated in the prevention of oxidative damage (9) and in the effect on NF-KB (10) , while expression of a murine type I Prx was involved in macrophage survival response to oxidative stress (11).
As it was found that irradiation induced Prx IIII expression in various cell lines (12) (13) and that the resistance to ionizing radiation in cancer cell lines can be partially reversed by silencing the expression of Prx II using siRNA, it has been speculated that radioprotection conferred by Prx genes is a common phenomenon in cancer cells and that Prx inhibitors could be used in clinical settings. Although Prx function has been related to radiation resistance of neoplastic cells, there has been no investigation of ionizing radiation effects on Prx gene expression in leukemia cells. The effects of ionizing radiation in leukemia cells are of particular oncologic interest since high doses of whole body gamma radiation may be employed prior to bone marrow transplantation. Since the cytotoxic action of ionizing radiation is at least partially due to ROS generation (I), which in theory should be neutralized by the Prx family members, we postulated that a sustained increase in the expression of one or more Prx genes might occur in this peculiar cell line. The choice of K562 myeloid leukemia cells for present experiments was based upon their abnorrnal expression of c-Abl and characteristic resistance to apoptosis (14) and radiation cytotoxicity (15) . In addition, a K562 cDNA library had been used to clone a Prx I isoform originally designated NKEF-A (16) (17) . RT-PCR with selected primer pairs and Southern blots hybridized to unique oligonucleotide probes enabled us to demonstrate that the expression of representative Prx I, II and IV can be clearly discriminated in the K562 cells and thus measured in relation to transcripts amplified from a housekeeping gene (18) .
MATERIALS AND METHODS

Cell culture and experimental treatments
CML-derived K562 cells from the American Type Tissue Collection (Manassas, VA) were grown in Hepesbuffered RPMI-1640 medium plus 2 mM L-glutamine, 10% NuSerum (GIBCO, Grand Island, NY) and penicillin (50 IU/mL)-streptomycin (50 ug/ml.), Cells in log phase growth were exposed to a [I37CS] source (0.91 Gy/min) at room temperature in a Gamma-Cell Irradiation Unit (Atomic Energy of Canada, Ltd, Ottawa). Radiation doses were administered in biologically low (2) (3) (4) (5) (6) (7) (8) and high (10-20 Gy) ranges. The radiated and control samples were maintained in growth medium at 37°C with 5% CO 2 for harvesting at designated time points. Hemin (Sigma Chemical, St. Louis, MO) was prepared as a 4.56 mM stock solution in DMSO and was tested at up to 100 11M. Diaminofluorene dye (Sigma, 0.1%) was used to detect hemoglobin synthesis and accumulation during hemin treatment (19) . In all experiments cell viability was assessed by trypan blue exclusion test. In some experiments changes in the viable cell mass were assessed metabolically by MTT assay as previously reported (20) . 
Cytojluorimetric analysis 0/nuclear damage
RT-PCR
Primer pairs were selected using MacVector software (GCG, Pharmacopeia, Princeton, NJ), and cDNA probes were designed to discriminate internal coding sequences of specified Prx (Table I) . Total RNA from freshly harvested cells was extracted in TRIZOL LS reagent (GIBCO). The quality of total RNA isolated was evaluated by means of agarose gel electrophoresis. If any genomic DNA contamination were present, RNA samples were digested with amplification grade DNase I (Invitrogen Corporation, Carlsbad, CA, USA) prior to cDNA synthesis. For first strand cDNA synthesis, RNA (2 ug) in RNase-free water was heated (65°C, 10 min), chilled on ice and incubated with First Strand Reaction Mix Beads containing Moloney Murine Leukemia Virus reverse transcriptase (Amersham Pharmacia Biotech) plus 200 pmol of specific antisense primers (Table I) . The cDNA was amplified with Vent DNA polymerase (New England Biolabs, Beverly, MA) and the specific primer pairs using a PTC 225 Peltier Thermal Cycler (MJ Research, Watertown, MA): denaturation for 2 min at 94°C was followed by 3 cycles at 94°C (40 sec), 50°C (30 sec) and noc (50 sec); then by 26 cycles at 94°C (40 sec), 60°C (30 sec) and noc (50 sec). Using identical samples, the cDNA for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was synthesized and amplified as a control for semi-quantitative analyses of gene expression (18) . PCR products (ca. 200 bp-bands) were clearly resolved on 1.2% agarose gels and visualized by ethidium bromide labeling.
Semi-quantitative analysis by Southern blotting
Resolved cDNAs were transferred to nylon membranes and hybridized to specific oligonucleotide probes (Table I) .
The probes were labeled by random priming with [3 2 P_a _ dCTP] (specific activity >5x10 8 cpm/mg) and hybridized at 42°C. Membranes then were thoroughly washed at 5°C below the melting temperatures (T ) indicated in Table I . Residual radioactivity was localized and measured with an optical imaging and data analysis program (AMBIS system, Ambis Inc, San Diego, CA).
Immunoblotting
Equal amounts (40 ug) of proteins from whole cell Iysates were separated on 12% SDS-PAGE under carefully maintained reducing or non-reducing conditions to detect oxidative dimerization (7) , then transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA). After incubation in blocking buffer, membranes were exposed for 90 min to rabbit antisera (I: 5000) raised against synthetic oligopeptides representing the C-terminal or internal portions of the PAGA molecule (kpgsdtikpdvqkskeyfskqk or tiaqdygvlkadegisfr) (prepared by C. Petricoin, FDA, Bethesda, MD), or the C-terminal portion of AOE372 (generous gift of Dr. D. Jin, NIH, Bethesda, MD) (8) . After washings, the blots were incubated for 30 min with HRP-conjugated goat anti-rabbit IgG (Transduction Laboratories, Lexington, Table III . Expression ofPrx I (PAGA) and IV (AOE372) in K562 cells exposed to 50 11Mhemin.
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RESULTS
K562 cell biologic response to stress
Radiation doses of >2 Gy significantly slowed the growth of K562 cell cultures. Within 24 h, there was a dose-dependent increase in hypodiploid DNA debris and an increasing proportion of cells in G2/M phase observed by flow cytometry (Fig. I) . At doses >4 Gy, at least 10% of the cells stained with trypan blue at 48 h (Fig. 2) . In cultures treated with 50 f.lM hemin, 60-80% of the cells showed a positive color reaction for hemoglobin within 6 h (not shown). At this early time there was no significant cytotoxicity as tested by trypan blue exclusion test. By 24 h, the growth of cells exposed to >6 f.lM hemin was impaired (MTT assays), and accumulation of DNA debris was detected by flow cytometry (not shown). (Table I) , so that repetiti ve use ofa single membrane to quantify results in sequ ential assays was feasible. (PAGA), Prx II (NKEF-B) and Prx IV (ADE372) was evident in K562 cells under conditions of normal log growth (not shown). After single doses of2-4 Gy for up to 72 h, or at 1-2 h following doses up to 20 Gy (Fig. 3) , there was no overt change in the quantity of PCR-amplified Prx gene products. Even after 72 h exposures to 20 Gy, expression of the Prx I persisted (Fig. 4a ) despite the evident cell damage (Fig. 1, 2) . Expression of Prx II and Prx IV was sensitive to inhibition during radiation exposure. Doses of 16 Gy or 20 Gy determined no more than a 4-fold decrease in the ratio of Prx II and Prx IV gene expression to GAPDH gene expression, although Prx I expression remained essentially unchanged (Fig. 4b , Table II ). Since K562 cells are responsive to hemin, a potent oxidant which induces erythroid differentiation (21), the effect on Prx expression was examined for comparison. There was no discernable effect of hemin up to 25 IlM for 24 h, and even a cytotoxic concentration of 50 IlM produced only a minimal relative decline in Prx I and IV gene expression at 6 h as compared to GAPDH (Fig. 5 , Table Ill ). The RT-PCR primers were not intended to discriminate the PAGA and NKEF-A isoforms ofPrx I, since reported C-and N-terminal sequences differ slightly (16) and recent studies indicate that they are probably identical (17) .
Prx gene expression
Prx protein expression
After radiation exposure, levels of the Prx proteins I and II analyzed by Western blotting with antibodies to a common C-terminal peptide were grossly stable for up to 72 h at all radiation doses tested (Fig. 6a ). Under non-reducing conditions (see Materials and Methods) the Prx lIII appeared in a dimeric form (45 kD) that reflects partial oxidation (22) . After 24 h treatment with 50 IlM hemin the 45 kD component associated with dimerization of Prx I or II was relatively increased (Fig. 6b ), but no significant differences were evident in the abundance of ADE372 (35 kD).
DISCUSSION
The genes of mammalian Prx I, II and IV contain a highly conserved core region with two cysteines related to peroxide catalysis (8, 23) . Derived internal peptide sequences show extensive homologies to the alkyl hydroperoxidase subunit C (AhpC) implicated in protection of bacteria and yeast from ROS and their genes are phylogenetically related to an extended super-family of antioxidant proteins identified in archae bacteria, plants and plasmodia (23) (24) . The Prx I, PAGA, originally was described as a proliferation-associated gene due to its enhanced expression in ras-transformed mammary epithelial cells (25) , and murine Prx genes MER5 and DSF3 have been associated with erythroblast and osteoblast proliferation (26) . Interestingly, malignant proliferations involving such tissues often are radioresistant (27) .
Cells of the K562 line are a well-established model for experimental study of biologic responses to gamma radiation (14-15) and appeared optimal for initial studies of Prx responses since the overexpression of translocated c-Abl is implicated in K562 radiation resistance. In this experimental system, expression of the Prx I, PAGA, proved to be inelastic under all stress conditions tested. There was no change in gene expression at intervals of 2-6 h after irradiation and no indication of any strong compensatory induction at 24-72 h after radiation. The combined protein levels of Prx I and II assessed by Western blots with antibody to a shared oligopeptide also appeared stable. These unexpected findings appear consistent with the reported stability of antioxidant protein expression in radioresistant and radiosensitive strains of mice (I) and open the way to explore the possibility of a pleiomorphic regulation ofc-Abl-mediated response to oxidative stress, already described in other experimental models contradicting our hypothesis (28) (29) . Decrease in the relative expression of the Prx IV, ADE372, after high dose gamma radiation was noted in several experiments. Mammalian Prx IV have been characterized as secretory proteins (30) , but it is not certain whether the sensitivity to radiation is a primary effect of gene downregulation or a post-transcriptional effect related to protein cleavages during apoptosis. Studies showing dimerization of PAGA with ADE372 and effects of Prx II and IV on IKB activation of NF-KB by A DE3 72 (8, 10) indicate that complex Prx molecular interactions can be important to antiapoptotic signal transduction.
In summary, representative human Prx genes in a leukemia cell system were unresponsive to induction by two classical oxidative stressors. These observations appear consistent with prior evidence that neoplastic cells generally express high levels of antioxidant proteins (31), and that thioredoxin, a Prx reductant, is elevated in leukemia and other malignancies (32) (33) (34) . In consistence with previous studies showing comparable anti-oxidant protein expression in paired radiosensitive and radioresistant mouse strains (I) and with recent data demonstrating post-translational modifications of Prx I and II (35) , it seems plausible to infer that post-translational changes in enzymatic activity or intracellular compartmentalization of Prx are more critical than direct gene induction in response to the ROS generated during environmental stresses such as ionizing radiation. Further immunoprecipitation and immunolocalization studies of different individual Prx, Prx!/IV or Prx/c-Abl heterodimers in c-Abl positive and negative cells are now in progress to shed some light on the mechanisms of interaction between these proteins and on their role on stress signal transduction in CML cell lines.
